Arrays of 1 m long C nanorods were grown by glancing angle deposition on flat and patterned Si wafers, coated with 0.1 mg/cm 2 Pt catalyst by magnetron sputtering, removed from the substrates, and tested as cathode electrodes in proton exchange membrane ͑PEM͒ fuel cells. Deposition on flat substrates yields a nearly fully dense nucleation layer with Ͻ5 nm wide pores, followed by the formation of separated rods with an average width that strongly increases with rod height, from Ͻ30 to 190 nm. In contrast, deposition on a patterned surface results in regularly spaced 50 nm wide pores and a rod width that only moderately increases with height, from 95 to 155 nm. Polarization curves on pure H 2 and O 2 for the two sample types are identical at high potential E Ͼ 0.55 V. However, the cathodes deposited on the patterned substrates yield considerably higher currents at low potential, with a 2 times higher limiting current density i L = 0.73 A/cm 2 than those grown on flat substrates. The higher current in the mass-transport-limited regime is attributed to the 10 times wider engineered pores that facilitate O 2 transport to the active catalyst sites, resulting in a 5 times lower mass transport resistance R MT = 1.5 ⍀ cm 2 at E = 0.50 V, as quantified by electrochemical impedance spectroscopy. © 2010 The Electrochemical Society. ͓DOI: 10.1149/1.3294721͔ All rights reserved. Proton exchange membrane ͑PEM͒ fuel cells are promising for future automotive applications due to their high efficiency and zero tailpipe emissions.
Proton exchange membrane ͑PEM͒ fuel cells are promising for future automotive applications due to their high efficiency and zero tailpipe emissions. 1 A key technical obstacle to achieving high power densities with high efficiency is the resistance to oxygen mass transport ͑MT͒ within the cathode electrode, 2 which dominates the polarization curves at high current densities. 3 Sputter-deposited cathode electrodes show great promise for high Pt catalyst utilization with low MT resistance due to their low thickness. 4 We have recently demonstrated that the porosity of Pt that is sputter-deposited onto a rough gas diffusion layer ͑GDL͒ can be controlled by the deposition angle, and have shown a fourfold improvement in MT performance for cathodes for which Pt was deposited from highly oblique angles instead of from normal incidence. 5 This approach was later extended to develop supported catalysts of Pt-coated CrN 6 as well as electrochemically etchable C supports. 7 Such intentional deposition from oblique angles is also referred to as glancing-angle deposition ͑GLAD͒. 8, 9 It exploits atomic shadowing effects to cause preferential growth on mounds of a rough surface and results in the development of separated aligned nanocolumns with various nanoengineered shapes. [10] [11] [12] [13] [14] [15] Substrate patterning before GLAD has been reported to provide additional control over nanorod width, spacing, and shape, [16] [17] [18] [19] and represents a unique method to engineer a model electrode with controlled porosity to study the relationship between MT limitations and electrode porosity.
In this paper, we report on GLAD fuel cell electrodes for which the pore morphology is controlled by substrate patterning. Layers of C nanorods grown on flat substrates exhibit a height-dependent porosity and a pore width that approaches zero ͑Ͻ5 nm͒ at the nucleation layer. In contrast, growth on patterned substrates results in a relatively uniform porosity and a pore width that remains nearly constant throughout the thickness of the electrode and never drops below a minimum size of ϳ50 nm, which is controlled by the periodicity of the pattern. The uniformly wider pores of the patterned electrodes facilitate effective MT of oxygen to reaction sites during fuel cell operation.
Experimental
Pt/C-nanorod layers were deposited, following a procedure also described in Ref. 7, onto 0.29 cm 2 flat and patterned Si wafers in a load-locked evaporation system with a base pressure of Ͻ5 ϫ 10 −8 Torr, using a 4.3 keV and 0.45 A electron beam impinging on a 0.64 cm diameter carbon rod that was positioned 15 cm from the substrate. The deposition angle, measured between the substrate surface normal and the source center, was set to ␣ = 85°, which is a typical value for GLAD. 17 The substrates were kept at room temperature and were continuously rotated at 40 rpm ͑0.67 Hz͒ to facilitate growth perpendicular to the substrate surface. The deposition rate was continuously measured with a water-cooled crystal sensor flux monitor ͑Inficon͒ and was maintained between 0.03 and 0.17 g cm −2 s −1 , corresponding to flat substrate C-nanorod growth rates of 0.3-1.5 nm/s, assuming a density of 2.25 g/cm 3 and 50% porosity. For all cells, C deposition was terminated when a loading of 0.11 mg/cm 2 was reached. The nanorods were subsequently coated with Pt in the same deposition system using magnetron sputtering at room temperature in a 3.0 mTorr, 99.999% pure Ar discharge. A dc power of 50 W was applied to a 5.1 cm diameter, 99.99% Pt target at 11 cm from the substrate with ␣ = 0°, yielding a growth rate of 0.25 nm/s, corresponding to a Pt loading of 0.55 g cm −2 s −1 , as determined by differential weighing of calibration samples with up to 4 mg Pt in an electronic semimicrobalance ͑Sartorius 2024 MP6, standard deviation Ϯ0.02 mg͒. The Pt loading for all cells was 0.1 mg/cm 2 . The Pt-coated C electrodes were integrated as cathodes into fuel cells, using DuPont Nafion NRE-212 ͑Ion Power͒ membranes and commercially available anode electrodes ͑E-TEK LT120EWALTSI, Pt loading = 0.25 mg/cm 2 ͒. The membranes were activated by boiling in 0.5 M H 2 SO 4 , followed by three separate 30 min boiling steps in deionized water, and stored in deionized water until simultaneous bonding to both electrodes at 126°C and 350 psi ͑2.4 MPa͒ for 5 min. The patterning of the Si substrates was performed by photolithography and selective etching in a proprietary commercial process. After bonding, the Si substrate ͑including the pattern for patterned substrates͒ was easily peeled away and discarded, leaving the Pt-coated C nanorods embedded in the membrane. The active area of the flat substrate cell was 0.29 cm 2 , and the area for the patterned cell was 0.19 cm 2 , as quantified by scanning electron microscopy ͑SEM͒, because only the rods in the center of the patterned cell transferred to the membrane. The cathode GDL ͑SIGRACET 35BC, SGL Technologies GmbH͒ was placed on top of the electrode and the package subsequently assembled into fuel cell hardware. Fuel cells were operated at 70°C with atmospheric pressure reactants humidified to a dew point of 70°C, that is, 100% relative humidity. Pure hydrogen and oxygen were each fed at a constant flow of 25 sccm to the anode and cathode, respectively. Before testing, the cells were "incubated" at 0.4 V for at least 24 h or until the output current stabilized. Polarization curves were obtained using a scan rate of 1 mV/s in the downward ͑decreasing voltage͒ direction, using a Parstat 2273 potentiostat ͑Princeton Applied Research͒. Electrochemical impedance spectroscopy ͑EIS͒ was performed under steady-state conditions using a sinusoidal voltage perturbation from 0.1 Hz to 10 kHz with a root-mean-square amplitude of 10 mV. Each EIS spectrum was analyzed by modulus-weighted leastsquares fitting using the commercial software package ZView ͑Scribner Associates͒. SEM was performed on a Carl Zeiss Supra 55 in secondary electron mode at 5 kV accelerating voltage. A tone curve contrast filter ͑CorelDraw͒ was applied to some micrographs to brighten areas with low secondary electron yields. The electrode morphology was quantitatively characterized by statistical analyses of 24 SEM micrographs using the software package ImageJ, which provided values for the average porosity and for the nanorod width as a function of height. Figure 1 shows typical cross-sectional and plan-view secondary electron micrographs of C-nanorod layers deposited by GLAD on flat and patterned substrates and coated with 0.1 mg/cm 2 Pt by magnetron sputtering. The nanorods grown on a flat Si wafer substrate in Fig. 1a have a measured length of 960 nm, which is close to the nominal value of 1 m, obtained from deposition rate calibrations. Their tips appear bright, due to the high secondary electron yield of the Pt coating that covers primarily the exposed ends of the nanorods but also penetrates approximately halfway ͑500 nm͒ down the length of the rods during the Pt sputtering process. The rod width w increases with height h, from Ͻ20 nm at h = 25 nm to 30-40 nm at h = 100 nm to a maximum of w = 130-190 nm at h = 930 nm near the tips. The rod broadening is a consequence of the competitive growth mode that is controlled by the exacerbated atomic shadowing conditions during GLAD 20 and is typically described by a power law w = h p , with p = 0.5 for low temperature growth. 21, 22 The micrograph in Fig. 1a reveals a high density of 5-15 nm wide nuclei at the layer-substrate interface. They form during the initial stages of layer growth, which is governed by surface diffusion processes, yielding a relatively low porosity near the substrate with narrow pores, less than 5 nm wide. During continued deposition, the increasing surface roughness of the growing layer causes substantial atomic shadowing, which leads to the development of separated rods and growth competition, where the taller nuclei capture a disproportionally large fraction of the deposition flux and grow at the expense of smaller neighbors that die out. This is clearly observable in the micrograph, which shows a high number of short rods which terminate their growth already at h = 100 nm, similar to what has previously been reported for GLAD of various material systems on flat substrates. 23, 24 Each terminated rod is partially overgrown by neighboring rods that broaden with increasing h. In addition, each rod termination leads to the formation of an empty space above the rod, which increases the overall layer porosity and can be described as the position where the narrow pores that encircle the rod near the substrate join to form a considerably wider pore. For example, the average pore width near the substrate is less than 5 nm, but increases to ϳ25 nm at h = 200 nm, where some rods terminate. The competitive growth mode continues throughout the entire deposition, causing a continuing decrease in the rod number density and, in turn, an increase in the average pore width to reach 70-100 nm at h = 900 nm. This value is obtained from the corresponding plan-view micrograph in Fig. 1b, which shows the size distribution of the rods at their tips where their width is largest. Figure 1c is a cross-sectional micrograph from a nanorod layer grown on a patterned substrate. The pattern consists of 60 nm wide and 90 nm high parallel lines that are regularly spaced with a period of 140 nm and aligned perpendicular to the image plane in Fig. 1c . The rods grow on top of the patterned ridges, because the trenches are shadowed and receive negligible deposition flux. The rods are 0.54 m tall, excluding the height of the pattern, and their width increases slightly from 85-105 nm at h = 100 nm to a maximum of w = 130-180 nm at h = 450 nm near the tips. The majority of the Pt coating is deposited on the rod tips, while some covers the rod sidewalls 450 nm down the length of the rods, corresponding to a fraction of 80% of the rod length. This is a larger fraction than for the rods in Fig. 1a , which is attributed to the wider and more equally spaced pores in Fig. 1c as well as to the 44% shorter rod length. The rods on the patterned substrate are shorter, despite the fact that the total C and Pt loading, 0.1 mg/cm 2 each, are identical for Fig. 1a and c. This is attributed to the large porosity in Fig. 1a , which is associated with the competitive growth mode and the premature termination of some rods, as discussed above. In contrast, most rods in Fig. 1c reach the full height h = 540 nm and their width increases only moderately with h, which is an indication that the interrod growth competition is small or negligible. This is consistent with previous reported studies on GLAD suggesting that the competitive growth mode can be considerably delayed by controlling the nanorod nucleation through appropriate substrate patterning 25 and growth at low homologous temperatures. 26 We attribute this suppression of competition to ͑i͒ the larger nuclei spacing, which reduces rod-rod shadowing interactions, and ͑ii͒ the regular nuclei size and spacing, which limits competition effects such as rod termination because neighboring rods are "equally strong." The patterning also strongly affects the pore size distribution. The pores in Fig. 1c are 50 nm wide near the substrate, approximately 10 times wider than for the flat substrate in Fig. 1a . This initial width corresponds closely to the patterned trench width of 80 nm, indicating that the porosity of GLAD nanorod electrodes can be controlled by the substrate pattern. The pore width increases only slightly with h, reaching 90-130 nm near the top surface, as shown in the plan-view micrograph in Fig.  1d . These values are comparable to those for the flat substrate in Fig.  1b , suggesting that the effect of the initial patterning decreases with h, similar to what has been previously reported. 25 In addition, the nanorod tips in Fig. 1d are nearly isotropically distributed in the substrate plane, revealing only a very weak resemblance of the original line pattern which, for this image, runs from top to bottom. A similar divergence from the original pattern during GLAD has been reported previously, 20 while other studies have also demonstrated the extension of complex patterns into three-dimensional nanostructures, including honeycombs, 27 square ridges, 28 and rings. 16 In summary, the micrographs in Fig. 1 show that the layer grown on flat substrates exhibits a larger overall porosity; however, the pore size increases dramatically with h from Ͻ5 to 85 nm. In contrast, the pores on the patterned substrate exhibit a relatively uniform width with a minimum of 50 nm. The larger minimum pore size due to substrate patterning enhances oxygen transport during fuel cell operation, as presented in the following. Figure 2 shows polarization curves from fuel cells with Pt-coated C-nanorod cathode electrodes, operated with pure H 2 and O 2 reactants. The plot contains potential E vs current density i curves for rods grown on both flat and patterned substrates, comparable to those shown in Fig. 1 . The two curves are effectively identical at high potential, where E decreases logarithmically from E 2 to E = 0.55 V at i = 93 mA/cm 2 . Such a logarithmic decrease is characteristic for activation polarization in PEM fuel cells. 29 The kinetic overpotential is higher than for some other sputter-deposited electrodes, 4,30 which we attribute to a relatively low Pt surface area for our electrodes, associated with Pt primarily accumulating on the tips of the relatively densely packed nanorod layer, as discussed below. The two curves diverge for E Ͻ 0.55 V. For example, at E = 0.40 V, the cell with patterned rods has a current i = 0.26 A/cm 2 that is 50% larger than for the randomly nucleated rods with i = 0.17 A/cm 2 . The difference in fuel cell current increases monotonically with decreasing E, with the limiting current density i L = 0.36 and 0.73 A/cm 2 at E = 0.0 V, for rods grown on flat and patterned substrates, respectively. This twofold current increase due to substrate patterning is attributed to enhanced oxygen transport within the pores that are up to 10 times wider for the patterned case. A similar enhanced oxygen transport has previously been reported for oriented layers of carbon nanotubes ͑CNTs͒, 31 where oriented CNT layers exhibited more effective MT than randomly oriented CNTs. The oriented CNTs have more direct ͑less tortuous͒ oxygen diffusion paths, which, together with the observed superhydrophobic behavior of oriented CNTs, leads to more open space for oxygen diffusion to all parts of the catalyst. In contrast, the carbon nanorods studied in our investigation do not exhibit superhydrophobic behavior, thus the enhanced oxygen transport is solely attributed to the larger pores afforded by the substrate pattern. Another closely analogous electrode structure is the 3M nanostructured thin-film design, 32 which exhibits high catalyst activity as well as efficient MT. In contrast to our electrode, the "nanowhiskers" of the 3M electrode are not aligned, which may have a slight negative effect on MT. However, their large void space fraction and disordered structure are advantageous from the standpoint of effectively distributing the Pt-based catalyst across the entire nanowhisker support during the physical vapor deposition coating process. On the contrary, for our electrodes with aligned supports, Pt tends to accumulate mainly on the tips of numerically relatively dense rod layers ͑Fig. 1͒, which results in a lower catalyst utilization than for the 3M case. Figure 3 is a complex-plane impedance plot at E = 0.50 V from the same two fuel cells used for Fig. 2 , with C-rods grown on flat and patterned substrates. The plotted points represent measured data, while the solid lines are obtained from fitting to an equivalent circuit model [33] [34] [35] which accounts for series resistance, electrode kinetics, and MT. The impedance curve from this model comprises two semicircles which add together and partially overlap: a high frequency arc on the left due to the charge-transfer ͑CT͒ resistance R CT and the double-layer ͑DL͒ capacitance C DL , and a lower frequency arc on the right associated with the MT resistance R MT and capacitance C MT . In this case, the two constituent semicircles cannot be distinguished by eye because the CT impedance is relatively small and its corresponding arc forms a shoulder on the much larger MT arc, as discussed below. Values for these four parameters, R CT , C DL , R MT , and C MT , as well as the series resistance R M were obtained from data fitting. The curve for rods grown on a flat substrate exhibits a constant offset to the right, corresponding to a series resistance R M = 0.42 ⍀ cm 2 . This value is higher than for the patterned cell with R M = 0.10 ⍀ cm 2 , which we attribute to a relatively high contact resistance between the anode or cathode and the membrane, possibly due to variations in the applied pressure during the electrode bonding step. The flat substrate cell's impedance spectrum is dominated by the MT resistance arc, with R MT = 7.7 ⍀ cm 2 , which is 18 times higher than the CT resistance R CT = 0.43 ⍀ cm 2 . The corresponding value R MT = 1.5 ⍀ cm 2 for the cell with patterned rods is more than 5 times lower. However, MT resistance also dominates the impedance spectrum for the patterned cell because the CT resistance R CT = 0.077 ⍀ cm 2 is 20 times lower than R MT . This observation is consistent with our previous work, showing that the performance of Pt-coated C-nanorod electrodes is limited by the MT of oxygen through the electrolyte to the reaction sites buried in the membrane. 7 It is also likely that pores are saturated with product water during normal operation, further inhibiting oxygen transport because ultrathin sputter-deposited electrodes are saturated with water. 4 However, even if filled with water, larger pores transport oxygen more effectively to reaction sites than smaller pores. The 5 times lower MT resistance for the patterned rods fully explains the increased current for E Ͻ 0.55 V in the polarization curve in Fig. 2 and supports the explanation that the wider pores facilitate oxygen transport.
Results and Discussion

Conclusions
We have grown C nanorods with 0.1 mg/cm 2 C on flat and patterned substrates, coated them with 0.1 mg/cm 2 Pt, and integrated them as cathodes in PEM fuel cells. The nanorod layers exhibit distinctly different morphologies, particularly near the substrate where rods on flat substrates form a nearly fully dense layer with pores that are less than 5 nm wide, while the pores near the patterned substrate are 50 nm wide. Fuel cell testing indicates that the high E performances of nanorods grown on flat and patterned substrates are identical, which is attributed to the comparable morphology near the rod tops that controls the Pt microstructure and total surface area. In contrast, E Ͻ 0.55 V leads to a higher i for the patterned rods, with a 2 times higher limiting current density. EIS suggests that the higher i at low E is due to a lower MT impedance, 1.5 vs 7.7 ⍀ cm 2 , for cells with rods grown on patterned vs flat substrates, respectively. 
